The role of short, large or intermediate normal alleles (ANs) of the ataxin-2 gene in generating expanded alleles (EAs) causing spinocerebellar ataxia type 2 (SCA2) is poorly understood. It has been postulated that SCA2 prevalence is related to the frequency of large ANs. SCA2 shows the highest worldwide prevalence in Cuban population, which is therefore a unique source for studying the relationship between the frequency of large and intermediate alleles and the frequency of SCA2 mutation. Through genetic polymorphism analyses in a comprehensive sample (B3000 chromosomes), we show that the frequency of large ANs in the ataxin-2 gene is the highest worldwide, although short ANs are also frequent. This highly polymorphic population displayed also high variability in the CAG sequence, featured by loss of the anchor CAA interruption(s). In addition, large ANs showed germinal and somatic instability. Our study also includes related genotypic, genealogical and haplotypic data and provides substantial evidence with regard to the role of large and intermediate alleles in the generation of pathological EAs.
INTRODUCTION

Spinocerebellar ataxia type 2 (SCA2) is a neurodegenerative disease
showing an autosomal dominant inheritance pattern. This disorder is caused by a CAG expansion crossing a certain threshold in the coding region of the ataxin-2 gene. 1-3 SCA2 patients exhibit a progressive cerebellar syndrome characterized by ataxic gait, cerebellar dysarthria, dysmetria and dysdiadochokinesia. Normal SCA2 gene/ataxin-2 CAG tracts range from 13 to 31 repeats, the most frequent being that of 22 trinucleotides. 4, 5 Ataxic phenotype occurs when the repeat is larger than 34 CAG. 6 Triplet repeats between 32-34 fall in the gray zone for penetrance, whereas 37-75 CAG repeats are fully penetrant. 6 Only few patients having 32 and 33 CAG repeats have been reported so far, with very late onset -between 50 and 60 years of age. 4, 7, 8 Extremely large expansions of 109, 200 and 500 CAG in infants have also been observed, [9] [10] [11] but are rarer.
The CAG sequence in the SCA2 locus is cryptic in nature, showing CAA interruptions. Normal SCA2 alleles contain CAA interruptions, whereas the vast majority of expanded alleles are uninterrupted. [1] [2] [3] The most common configuration is (CAG) 8 CAA(CAG) 4 CAA(CAG) 8 . It is claimed that the CAA interruptions confer genomic stability to the CAG tracts. 12, 13 The absence of interruptions, on the other hand, predisposes the CAG tracts to undergo expansion and eventually to reach the pathological threshold in analogy to the absence of interruptions in the CGG and CAG tracts in fragile X syndrome and SCA1, respectively. [12] [13] [14] [15] [16] In a first effort to decipher which factors underlie the prevalence of SCAs, it was found that a high frequency of large normal alleles (ANs) was closely linked to a high prevalence of SCA2 in Caucasians, whereas low large ANs results in a very low prevalence of SCA2 in the Japanese population. 17 Later, some authors suggested that it is biased to only use CAG length as a marker for determining the propensity of certain alleles to be predisposed or prone to undergo expansion reaching the pathological range. 18 This argument is also supported by the fact that in East India, where SCA2 prevalence is high, [19] [20] [21] large ANs are spared and clustered to limited ethnic groups. 22 Therefore, the role of large ANs as a possible source of SCA2 expansion and the mechanism by which this might happen is poorly understood. Here, we performed a comprehensive study to determine the frequencies of ANs in the Cuban population and their relationship with the high prevalence of SCA2. We analyzed CAG sizes, sequences, as well as genealogical and microsatellite haplotype data to gain insights into the mechanism underlying the prevalence of SCA2 in Cuba. The main questions were as follows: (1) What is the relative frequency of ANs? (2) Are the frequency of large ANs and the prevalence of SCA2 associated? In answering these questions, we compared our data with other studies performed in large populations. We found a strong relationship between the SCA2 prevalence and the relative frequency of large ANs.
METHODS
Design of the study
The study was performed in three phases: (1) a nation-wide screening for SCA, conducted during 2003-2007; (2) a survey for neurological consultations to SCA2 relatives identified in the former phase; and (3) nation-wide recruitment of the general non-SCA2 population (not related healthy subjects), in 2009. The study was conducted by the National Center for the Research and Rehabilitation of the Hereditary Ataxias (CIRAH) in the city of Holguín, which is the main referral center for these conditions and a neurological center of excellence in the country. 22 The Ethics Committee of the National Centre for the Research and Rehabilitation of the Hereditary Ataxias approved the research protocol and all studied subjects signed an informed consent form after being explained the purpose and methods of the research.
CAG length estimation by fragment analysis
Peripheral blood leukocytes were extracted using EDTA as anticoagulant, and genomic DNA was isolated using standard methods. Molecular diagnosis was performed to estimate the number of CAG repeats at the SCA2 locus according to the methods described elsewhere. 1,2 CAG length was determined by using Alfexpress II sequencing system and the PCR fragments run with ReproGel high resolution (GE Healthcare, Buckinghamshire, UK). All repeat sizes were compared with the standards, before which repeat size was confirmed by DNA sequence analysis. Also, internal (100 and 300 bp) and external (50-500-step, 50 bp) Alfexpress ladders were used to extrapolate the fragment size. Traces were analyzed using the software Allelelink according to the manufacturer's specifications. In all, 200 ng of genomic DNA from peripheral blood was used in each PCR aimed at somatic mosaicism determination, which was defined by Matsuura et al. 23 
CAG substructure deciphering
In total, 81 normal chromosomes with 13-31 CAG repeats representing the majority of allelic classes were sequenced. Reactions were performed by using either DAN1-DAN2 or SCA2A-SCA2B (Tib-Mol-Biol, Berlin, Germany) and amplified fragments were excised from the gel using GFX band extraction kit (GE Healthcare). Each allele was sequenced directly in both directions, forward and reverse, using the Thermosequenase Cy5 Dye Terminator Sequencing kit (GE Healthcare) and run as explained above. Sequence data were managed by using Alf win Sequence analyzer 2.10.
Data management and statistical analyses
Availability of a large number of SCA2 and non-SCA2 carrier chromosomes (n¼2695) and the general population (GP) (n¼80) allowed us to determine the distribution of the number of CAG repeats in ANs at the SCA2 locus. Non-SCA2 carrier chromosomes were defined as the new mutation (NM) group given its familial relationship with SCA2 families, because all of them segregated or were related to SCA2 families. CAG distributions were determined by pooling chromosomes. Genotypes only included healthy individuals. Means, variances, ranges and skewness were determined for the distributions of ANs at the SCA2 locus in the individuals. To perform statistical analyses of the differences in the frequencies of large ANs between Cuban and other populations, we defined large ANs as in Takano et al. 17 Thus, for the purposes of this study, all alleles smaller than 22 repeats were defined as short alleles and those longer than 22 CAG repeats were considered as large alleles. Differences in the relative frequencies of the large ANs were analyzed by means of the w 2 -test with Yates's correction when necessary. Associations were also assessed using the Fisher's exact test. Data were arranged in excel sheets, managed and analyzed as counts and frequencies. The normality of each distribution was assessed by the Kolmogorov-Smirnov test (K-S). All statistical analyses were performed using the STATISTICA data analysis software system version 6 (StatSoft Inc., 2003, Tulsa, OK, USA). The null hypotheses were rejected at Pr0.05.
RESULTS
Normal genetic polymorphism according to CAG repeat length (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) The normal CAG repeat size from 2695 (K-S, Po0.01) chromosomes of the Cuban NM population shows a modal distribution (Figure 1a) (mode and median¼22 CAG), with 22 28 The range of the CAG is distributed continuously from 13 to 31 CAG and encompasses almost all the expected allelic classes in this numeric series (17 observed/18 expected) -with a kurtosis of 11.66 and a variance of 3.04 vs 1.21 for other populations worldwide. 27 The allele with 13 CAG repeats is exclusively found in the Cuban population and that with 26 CAG in both Cuban and Czech populations. 28 The distribution is nonsymmetrical (skewness 2. (Figure 1b ). Extending our cutoff values to 423 CAG or 424 CAG disclosed even more significant differences between our and the aforementioned populations. Curiously, there were populations lacking alleles larger than 25 CAG triplets (Japanese, Caucasians, Indians, except Czechs) and others showing gaps (Polish) in the large AN zone, contrasting with Cubans, who showed a continuous distribution of such alleles.
Intermediate alleles (32 and 33 CAG)
We extended our analysis to include those alleles sized 32 and 33 CAG (intermediate alleles (IAs)), thus enlarging our sample to 2722 chromosomes. Cuban chromosomes carrying 32 and 33 CAG repeats were as frequent in our population (0.55% and 0.44%, respectively) as those with 28 (0.58%) and 31 (0.47%) CAG repeats. The paired comparison between IAs and the frequency of short ANs disclosed highly significant differences in the frequencies of IAs vs those short ANs with sizes ranging from 13 to 18 CAG (IAs: 0.99% vs short ANs: 0.58%, w 2 ¼85.80, d.f.¼1, P¼0.0000, Fisher's exact test P¼0.0000). No differences were observed when the rest of the short ANs with 18, 19 and 21 CAG repeats were added (data not shown). In all, 25 genotypes with IAs were found. All these alleles were found in SCA2 families, that is, the NM population. Figure S1 ). Excluding the central genotype 22/22, we divided the distribution into short (with at least one short AN) and large genotypes (with at least one large AN). Both of these categories were significantly different with regard to the presence of the second allele (ie, short ANs in large genotypes and vice versa) in each group (w 2 ¼288.46, d.f.¼1, P¼0.0000, Fisher's exact test P¼0.0000). Moreover, large genotypes were more enriched, with 22 CAG alleles as compared with the short genotypes (200/572 (35%) vs 20/114 (18%), respectively, w 2 ¼13.24, d.f.¼1, P¼0.0003, Fisher's exact test P¼0.0000) ( Table 2) . Therefore, the large chromosomes associate preferentially with 22 CAG and with large than with short ANs. We focused on the comparison excluding the 22/23 genotype that accounts for the 42.59% of the large genotypes, but the association yet remained highly significant (155 vs 57, w 2 ¼7.28, d.f.¼1, P¼0.007, Fisher's exact test P¼0.0078).
Large ANs in the GP By active screening, we randomly selected 80 chromosomes in the GP (K-S, Po0.01) (Supplementary Figure S2) . The analysis revealed the same combination, with at least 25% (n¼20/80) of large AN GP 's. Short AN GP 's were only sized with 16, 20 and 21 repeats (n¼30/80, 28.75%), but were over-represented compared with short AN NM 's (n¼129/2695 (4.78%), w 2 ¼153.93, d.f.¼1, P¼0.0000). The paired comparison between the frequencies of short AN GP and large AN GP revealed only marginal differences (n¼30/80 (28.75%) vs n¼20/80 (25%), w 2 ¼2.91, d.f.¼1, P¼0.08, Fisher's exact test P¼0.06). Variance of the CAG repeats belonging to the GP distribution was 5.31, with a positive kurtosis of 4.44 ± 0.532. Interestingly, we found an expanded allele with 35 CAG repeats without direct evidence of any other pathogenic CAG expansion in the family; this allele was not previously registered during the time of our national screening. 5 The overall distribution in GP samples was skewed, although less (1.66 ± 0.26 vs 2.29 ± 0.047) than in the NM samples. Large AN GP 's appeared much more frequently than large AN NM 's, but did not yield significant differences (n¼20/80, 25.00% vs n¼536/2695, 19.29%; w 2 ¼1.27, d.f.¼1, P¼0.2604).
CAG4CAA substructure of Cuban ATXN2 alleles with 13-33 CAG repeats To characterize the allelic diversity of the CAG tract substructure, 81 normal chromosomes were analyzed, encompassing the whole spectrum of Cuban normal CAG alleles (range 13-31 CAG). Of the 36 allelic worldwide classes, 24 were found in the Cuban population (Table 3) . Other populations and ethnic groups are much less diverse, for example, Indian 29 (14) , Yoruba in Ibadan, Nigeria (YRI) 30 (11) 4 (CAG) 8 (Table 3 and Supplementary  Table S2) .
Among the short ANs, those sized with 15, 17 and 19 trinucleotides had one CAA interruption, whereas alleles with 13 and 16 units did not contain such interruptions. Four CAA interruption patterns, (CAG) 8 CAA(CAG) 4 CAA(CAG) 8 or 8+4+8, (CAG) 8 CAA(CAG) 8-CAA(CAG) 4 or 8+8+4, (CAG) 13 CAA(CAG) 8 or 13+8 and inverted 8+13, were found in alleles with 22 repeats (Table 4) . The large AN zone was more enriched in allelic variants with regard to the configuration of the internal CAA interruption 10/20 classes (50%). Alleles with 27, 29 and 31 CAG repeats had three CAA interruptions, alleles with 24 and 30 CAG repeats contained two CAA interruptions, those with 23, 25 and 28 CAG repeats had one CAA interruption, and those with 30 and 31 CAG repeats were uninterrupted (Table 4) .
According to the previous criteria stated by Choudhry et al, 29 the polar variation of the internal CAG tracts was analyzed. Five alleles showed a continuous pure CAG configuration (alleles: 13, 16, 30, 31 and 33, range 13-33 CAG). In the remaining 16 alleles, the 5¢ and 3¢ tracts were much more variable (range 6-16 and 8-19, respectively) than the middle tract (range 4-8). Large ANs accounted for the vast majority of the length variability at each end (5¢ tract: range 8-16 CAG; 3¢ tract: range 8-19 CAG; and middle tract: range 4-8 CAG). On the contrary, short ANs displayed variability only at the 3¢ tract (range 6-10 CAG). IAs (32-33 CAG alleles) showed CAG/CAA polymorphism as well. Three of these alleles had uninterrupted CAG tracts. CAA interruptions were frequent in 33 CAG alleles (14 chromosomes), all having the (CAG) 24 CAA(CAG) 8 structure (Table 4) .
CAG4CAA, short tandem repeat and CAG length polymorphism analysis in large ANs in SCA2 families
A combined analysis of four genetic polymorphisms, short tandem repeat (STR) haplotype, CAG length, the CAG)CAA change (SNP database, SNP ID No. rs4098854) and sequence architecture was carried out in two SCA2 Cuban families with expanded and large ANs (Figures 2a and b) . Marked association between the disease locus and the haplotypic run 3-G-4-11 at D12S1332-(A/G)-D12S1672-D12S1333 loci (allele 3, 202 bp; allele 4, 287 bp; allele 11, 235 bp) was observed. In the case of family 86, the allele 3 at D12S1332 in II-1 expanded and became allele 2 (204 bp). It was then passed with the rest of the truncated haplotype 4-11 to the successive generations IV and V. Homozygotes for the whole haplotype block was a feature in the family SCA2-44 (Go) (individuals II-2 and II-3) (Figure 2a ). In the first branch of this pedigree, discrete vertical, sib-ships and horizontal, sib-sib CAG instabilities (±1 CAG) in individuals III-1, III-3, III-5, III-6 and IV-1 were observed (Figures 2a and c) . These CAG instabilities reached the peak normality, 31 CAG, in the son (III-5) and grandson (IV-1) of II-2. Furthermore, reverse mutations or contractions to 30 repeats resulted in non-ataxic phenotype in individuals II-2, III-8, III-12 and III-13 of the SCA2-44 (Go) family. Under a similar back mutation, however, the ataxic phenotype was retained with onset at 45 years in the female III-6, belonging to family SCA2-86 (Os) (Figure 2b ). All alleles were sequenced and no interruptions were detected in the CAG tracts.
Large ANs are somatically unstable
To provide insights into the behavior of large ANs, we analyzed somatic mosaicism in 245 alleles, CAG range: 20-31. Large ANs Figure S3c) . Through associative analysis using CAG cutoff ranges and stability criteria according to the fragment morphology, we clearly discriminated two CAG ranges (20-26 CAG and 27-31 CAG) with different stabilities (w 2 ¼159.80, Fisher's exact test P¼0.0000, OR: infinitum and ROC curve sensitivity: 100%, Figures S3a and b) . Furthermore, the comparison disclosed highly significant differences and strong effect of the CAG length in the somatic mosaicism, assessed either as mosaicism index (MI) or as peak numbers (F(1,243)¼131.57, P¼0.00, ANOVA followed by Bonferroni post hoc test, 20-26 vs 27-31 CAG range, MI ± SEM: 0.00 ± 0.016, 0.385 ± 0.028, respectively, P¼0.000) (Supplementary Figures S3a and b) . According to our current results with regard to the differences between somatic mosaicism and the known phenotypic range of SCA2, we extended the previous comparison to a cohort of 551 alleles with the following ranges: normal (20) (21) (22) (23) (24) (25) (26) , large (27) (28) (29) (30) (31) , intermediate (32) (33) (34) and expanded . In addition to the differences in normal CAG repeat ranges, the levels of somatic mosaicism of 32-34 CAG alleles were lower than those observed in the full penetrant expanded alleles (35-79 CAG) (MI±SEM: 0.632±0.11 and 2.51±0.25, respectively, P¼0.000) (Figures 3a-c) . These results remained significant after adjustment for multiple comparisons. However, the levels of somatic mosaicism for the 27-31 CAG and 32-34 CAG repeat ranges were not different (MI ± SEM: 0.385 ± 0.07 and 0.632 ± 0.11, respectively, P¼0.448725) (Figure 3b ).
DISCUSSION
We found that large alleles and IAs are very frequent in the Cuban population. This may be relevant for the understanding of SCA2 origin in Cuba, because though the prevalence of SCA2 in Cuba is the highest worldwide, 5 the basis for this 31 is poorly understood yet. The frequency of large ANs in Cuba is the highest compared with other populations having a high prevalence of SCA2 20, 21 and even other populations with a high frequency of such alleles. 18 This highly significant frequency of large ANs and other alleles distinct from 22 CAG suggests that the SCA2 locus in Cuba is highly polymorphic. The similar distribution in the sample of non-related chromosomes in the general population, collected for our study, further supports the relative abundance of large ANs in Cuba. Taken together, the genetic variance in the CAG4CAA sequence was also the highest, showing novel alleles situated at the peak of normality (29, 30 , 31 CAG; Table 3 ), completely lacking stability-mediating CAA interruptions ( Figure 3) . Collectively, the data may indicate a causal relationship between the overall abundance of large ANs with CAG purity and the frequency of expanded SCA2 alleles. It is well known that Cuba has the highest frequency of SCA2 mutation worldwide, 5 a fact that supports our hypothesis. It is conceivable that alleles with high normal CAG provide the source of de novo mutations that further contributes to the high SCA2 prevalence in the Cuban population. Our study also revealed that large ANs were more frequent than short ANs. Previously, it has been stated that longer alleles in the normal range present a higher probability of pathogenic expansion than do shorter alleles. 32, 33 Therefore, this makes more likely the contribution of the former group to the onset of de novo mutations. In this state, IAs with 32-35 CAG repeats that may have evolved from large ANs with 23-31 CAG repeats are intermediates, which in successive generations would give rise to full penetrant alleles (37-79 CAG) associated with SCA2, ALS, 34 FTDP-U, 34 or pure parkinsonism.
Alleles with 27-31 CAG were somatically unstable, similar to expanded alleles (Figures 3a and b) , providing significant evidence for the increased instability of large ANs, and pointing to 27 CAG as the threshold for IAs. The high odds ratio and the specificity seen in the 27-31 CAG alleles suggest that instabilities would be associated to 27-31 CAG alleles and are more likely to occur in these rather than in the shorter ones (20) (21) (22) (23) (24) (25) (26) . The proposed 27 CAG as the lower threshold for intermediate or indeterminate penetrance alleles is in agreement with the situation in SCA7, for which de novo mutations have been proven, and the lower threshold for mitotic and meiotic instabilities has been set at 27 CAG. 35 In addition, polyglutamine stretches between 27 and 33 CAG repeats in ataxin-2 are associated with an increased risk for ALS, 34 suggesting a different molecular nature and behavior of Z27 CAG alleles, which is similar to that of 32-34 CAG alleles (Figure 3b ). The association of IAs with other phenotypes alongside SCA2, for example, ALS, FTDP-U and PD in Cuba, is currently being studied because it cannot be neglected in our population (Laffita-Mesa et al, in preparation).
Given the fact that somatic mosaicism could be responsible for the juvenile onset and different SCA2 course and phenotypes (unpublished data), and that mosaicism has been found in SCA2 brain and cerebellum, 23 our finding of large ANs being somatically unstable is important for considering these alleles as risk alleles for intergenerational instabilities. Moreover, they are likely to contribute to other neurodegenerative pathologies (ie, ALS and FTDP-U). 34 The lack of differences between this group and the 32-33 CAG places these alleles in the category of pathological CAG expansions, which is supported by recent findings. 34 Somatic instability in blood might be used as a diagnostic and prognostic measurement in these pathologies given that ataxin-2 is ubiquitously expressed, although it eminently affects CNS.
The distorted assortment shown in Table 2 may reflect some selective advantage. Significant distortion either of homozygous or of heterozygous Ataxin-2-deficient mice with regard to wild type might be reminiscent of the current distortion. 36 Short ANs might be variants with partial loss of function and large ANs variants with partial gain of function. The former group may be negatively selected. As it has been shown previously, levels of Ataxin-2 protein have a very important relationship with its biological function. 37, 38 The partial gain of function may confer better functionality (translatability and/or protein stability), leading to an increase in Ataxin-2 levels and a positive selection in the population, a notion that is in agreement with the current selection of pre-expansions in the ATXN2 locus. 30 In conclusion, we have shown that the highest worldwide concentration of large ANs underlies the highest worldwide prevalence and incidence rates of SCA2. We have found that Cuban population is highly polymorphic at the SCA2 locus. Precisely, these polymorphisms are central for the generation of NMs. These polymorphisms deviate from the focal length (22 CAG) and harbor short and large CAG repeats with polar loss of the CAA interruptions, which are essential for genomic stability. The genomic instability of larger-than-27 CAG alleles supports the proposal that expansions arise from those alleles showing augmented CAG, with either 5¢ or 3¢ CAA loss, under a predisposed haplotype. The weight of the evidence seems to involve a premutation with a predisposed haplotype as an early step in the foundational event of SCA2 in Cuba; it is more likely than the introduction of the mutation properly. It seems that the enlargement of the CAG is linked to the conservation of certain adaptive functions, with a further selection of the more advantageous variants.
